We present a regionalized model of ocean tidal loading effects for the Argentine-German Geodetic Observatory in La Plata. It provides the amplitudes and phases of gravity variations and vertical deformation for nine tidal constituents to be applied as corrections to the observatory's future geodetic observation data. This model combines a global ocean tide model with a model of the tides in the Río de la Plata estuary. A comparison with conventional predictions based only on the global ocean tide model reveals the importance of the incorporation of the regional tide model. Tidal loading at the observatory is dominated by the tides in the Atlantic Ocean. An additional contribution of local tidal loading in channels and groundwater is examined. The magnitude of the tidal loading is also reviewed in the context of the effects of solid earth tides, atmospheric loading and non-tidal loads.
Introduction
The Argentine-German Geodetic Observatory (AGGO) is currently being set up some 20 km west of La Plata city [1] . When operative, it will be a geodetic fundamental station combining the observation techniques Very Long Baseline Interferometry (VLBI), Satellite Laser Ranging (SLR), Global Navigation Satellite Systems (GNSS, at present the Global Positioning System and GLONASS) and continuous gravimetry with a superconducting gravity meter. The colocation of these complementary techniques contributes to the realization of global geodetic reference systems. In addition, a continuous stream of observation data from AGGO's instruments will allow in future the investigation of numerous processes vital in the earth system. One prerequisite to achieve the necessary accuracy is the reduction of the observations for the effects of earth tides and ocean-tidal loading. The movement of water mass caused by the ocean tides generates periodic variations in local gravity, clearly visible in gravimetric records, and vertical (and -much smaller -horizontal) displacements of the earth surface, which affect the geometric observation techniques VLBI, SLR and GNSS. These periodic variations can mask the contribution of many other phenomena to the observation data and should be removed prior to an interpretation of the observations with regard to non-tidal processes [2] .
The geographical setting of AGGO is characterized by a low and very flat topography, the proximity of the Río de la Plata estuary and a substrate consisting of loose sediments (Fig. 1) . Along the shore of the Río de la Plata dikes and channels reach inland. The estuary is shallow and subject to peculiar hydrodynamics [3, 4] . It participates in the and Facultad de Ciencias Astronómicas y Geofísicas, Universidad Nacional de La Plata, Argentina R. Perdomo: Facultad de Ciencias Astronómicas y Geofísicas, Universidad Nacional de La Plata, Argentina ocean tides with substantial modulation of the tidal signal compared to the nearby Atlantic Ocean [5] . Satellite altimetry is the principal data source for recent global ocean tide models [6] ; but its applicability over the narrow Río de la Plata is very limited because standard procedures do not provide reliable sea-surface heights in coastal waters [7] . [8] derived a regional tide model for the estuary from tide gauge records at 34 sites. Figure 2 illustrates the local conditions for tidal loading at AGGO through amplitude spectra of the water-level variations at the tide gauge at La Plata port (top) and the predicted atmospheric loading effect on gravity at AGGO (bottom) according to the ATMACS model (http://atmacs.bkg.bund.de/data/results/ icongl/lp2016_icon384_200km.grav) [9] .
Operational tools are available to compute ocean tidal loading corrections, for example the Ocean Tide Loading Provider [10] or the SUMMARYA model [11] . However, these tools employ only a range of global ocean tide models and thus, does not allow to adequately account for the particular situation in the vicinity of the Río de la Plata. Here, we derive corrections for the location of AGGO based on a regionalized modelling of ocean tidal loading effects. This model incorporates the estuary tide model from [8] . We explore the loss of accuracy in the corrections when using global models only, as well as the potential impact of additional local and regional effects.
Methods

Modelling ocean tidal loading effects
Ocean tidal loading is a particular case of surface loading. The mass of water redistributed in the ocean and seas by the ocean tides generates a load potential and acts as a surface force on the solid earth. This results in a number of effects, such as variations in local gravity, tilt and deflection of the vertical, vertical and horizontal deformation of the surface of the solid earth, among others, with the same persistent periods as the ocean tidal forcing. Tidal periods, dominated by diurnal and semi-diurnal constituents, are short compared to the visco-elastic relaxation time of the solid earth. For this reason, the modelling of ocean tidal loading effects usually accounts for the purely elastic response only. These effects are calculated as a convolution integral of an elastic earth model with a load model. The earth model quantifies the response of the solid earth to a surface force while the load model describes the mass displacement in space and time. We apply the Green's functions tabulated in [12] for the Gutenberg-Bullen SNREI earth model with respect to a CE frame (fixed center of mass of the solid earth [13] ). As load models we use grids of global, regional and local extent ( Fig. 1 ) that contain the complex amplitudes of water-level variations for nine tidal constituents: Q1, O1, P1, K1, N2, M2, S2, K2 and M4. The convolution is realized by an own implementation. The correctness of our calculus was proven by a global comparison with the Ocean Tide Loading Provider and the N algorithm of the S package [14] yielding maximum differences of 3% and 1°for amplitudes and phases, respectively. Finally, the complex amplitudes resulting from the convolution were converted to amplitudes A and phases G. In the following, we focus our ocean tidal loading computations on the location of AGGO and on two observable effects: local gravity change (as observed by gravity meters) and vertical crustal deformation (as observed by the geometric techniques GNSS, SLR and VLBI).
Load model components
The tidal load of the Río de la Plata estuary and the far-field contribution of the global ocean are considered as separate load model components. The convolution is done individually for both components. The final ocean tidal loading effects are obtained by summation of the contributions of both components. The load model components differ not only in their geographical domains, but also in their grid resolution and the data source of the underlying tide models. The regional SEAT model by [8] is used to represent the tides in the Río de la Plata estuary. This model is based on tide gauge observations and has a grid spacing of approximately 500 m. The SW shoreline of the estuary was digitized from georeferenced satellite imagery. We checked the land-water mask of the SEAT model against this high-resolution shoreline polygon and found an excellent agreement. From this model only one long-period tidal constituent, Sa, is available. However, the water-level variations in the estuary with annual period are dominated by the seasonal hydrological cycle, primarily due to runoff variations of the Paraná River. This, in turn, is subject to significant interannual fluctuations. Hence, we do not include any long-period constituent in the following tidal loading modelling.
The EOT11a global ocean tide model [15] is used to account for the tidal load of the global ocean. This empirical ocean tide model is based on multi-mission satellite altimetry and is given on a global grid of 1/8 degree spacing. The grid cells of the global model that fall within the bounds of the regional SEAT model are masked out in order to ensure a consistent nesting of both model compo- nents. In order to investigate the dependence of the local ocean tidal loading effects at AGGO on the choice of the tide model representing the global ocean, the computation was repeated replacing the EOT11a model by two alternative global ocean tide models: EOT08a (a precursor of the EOT11a model; [16] ) and TPXO.7.2 [17] .
In addition, we attempt to quantify the potential impact of a propagation of the tidal water-level signal through the channels and dikes from the Río de la Plata inland. Due to the minuscule slope of the water courses and the closeness to which some of them approach the AGGO site, such a local contribution may not be excluded a-priori. For this purpose, we digitized also the contours of 167 water bodies potentially participating in the tides along the SW shore of the estuary between 57°36' and 58°18' W. For each of these water bodies an individual high-resolution grid is derived. All water-covered cells of this grid contain the complex amplitudes of the nine considered tidal constituents as predicted by the regional SEAT model for the location of the mouth of this water body. In this way, we assume an undamped, instantaneous participation of the entire water body in the tidal signal in the estuary. The disregard of damping of the tidal amplitudes in the channels represents a maximum scenario and thus provides an upper bound estimate for the effects of the local tidal loading. Figure 3 demonstrates the effect of the slope on the tidal signal in such a channel. At an upstream location the tidal range is truncated because the minimum water level does not develop completely at low tide. Thus, the harmonic analysis of a tidal record at this location yields a reduced amplitude. At the same time, higher harmonics (i.e. M4 and M6 in the case of M2) increase in amplitude. The magnitude of this effect depends on the original (i.e. without truncation) amplitude and is thus different for each tidal constituent.
In order to put the magnitude of the tidal loading in a context with other relevant contributions, some additional effects were modelled for the AGGO site: The effects of the solid earth tides on local gravity and vertical deformation were modelled using the E tool of the E 3.4 package [18] . The atmospheric loading effect on the vertical deformation on the tidal S1 and S2 frequencies were derived from the model [19] (without Center of Mass Correction). Atmospheric loading effects on gravity were examined using the ATMACS model time series. Finally, a global convolution of the AOD1B GRACE de-aliasing product (http://www.gfz-potsdam.de/en/aod1b) was used to quantify the vertical deformation due to non-tidal atmospheric and ocean loading [20] .
Intercomparison of load tide models
For a quantitative comparison we also retrieved predictions from the Ocean Tide Loading Provider (without Center of Mass Correction) employing a series of recent global ocean tide models, in particular: EOT11a [15] , EOT08a [16] , OSU12 [21] , TPXO.7.2 [17] , FES2012 [22] , FES2004 [23] and DTU10 [24] . All these models comprise the eight diurnal and semi-diurnal constituents Q1, O1, P1, K1, N2, M2, S2, K2 in common with our regionalized model. For each of the models M and constituents w the RMS (root mean square) of the differences with respect to our regionalized model (index 0) was computed as [25] 
with Re = A cos G; Im = A sin G. These RMS differences were summed up to the RSS (root sum square) as a global measure of misfit of each model M according to
Furthermore, the different load tide models were expanded in the time domain using the tidal prediction tool M of the T -2000 software package [26] for the period 2016-2036 (i.e., completing one lunar nodal cycle) with a resolution of 1 min. In the differential time series of these models minus our load tide prediction, the maximum and minimum deviations were extracted as worstcase difference of the effects. From these differential time series, daily mean differences were derived and their maximum and minimum values determined as a measure of the impact of the choice of a particular set of tidal loading parameters on daily position solutions (e.g. from GNSS).
Results
The amplitudes Ag and phases Gg of the tidal loading effect on the local gravity at the AGGO site for the nine considered tidal constituents are shown in Table 1 . This table includes also the amplitudes of the solid earth tide effect as predicted by the E 3.4 software [18] . The phases are given in both global phase lag G relative to the 0°meridian and local phase lead L. In addition, the contributions of the global and regional load model components are specified individually.
In a similar way, Table 2 shows the amplitudes Au and global phase lags Gu for the nine tidal constituents of the tidal loading effect on the vertical deformation at the AGGO site. Again, the individual contributions of the two load model components are given. This tidal loading deformation refers to the CE frame [13] . The relation between the contributions of both load model components and solid earth tide to gravity and vertical deformation is depicted in Fig. 4 for the M2 constituent.
Discussion
Our results suggest that the contribution of the Río de la Plata estuary to the local tidal loading effects at the AGGO site is small compared to that of the global ocean. The amplitudes of the estuary contribution reach on average only 2.5% of that of the ocean. The phase of the estuary contribution is shifted by roughly 180°against the ocean contribution and thus reduces the total effect. We explain the small impact of the estuary, despite its closeness to the site of interest, by a) the relatively small tidal amplitudes in the estuary compared to large parts of the Argentine coast; b) the relatively small width of the estuary near the AGGO site, which represents only a small fraction of the surrounding area, implying a rather small mass in the immediate vicinity of AGGO contributing to the load; and c) the phase shift of roughly 360°of the tidal consituents along the estuary from its mouth to the head resulting in a compensation of the contributions of different parts of the estuary. Figure 4 shows that the tidal loading effects are between one and two orders of magnitude smaller than the effects of the solid earth tide. The tidal loading increases the gravity signal of the solid earth tide but reduces the earth tide deformation. Tables 3 and 4 summarize the differences between our tidal loading model and a series of alternative predictions. They reveal mean RSS differences of 25.0 ±0.3 nm s −2 and 0.57 ±0.19 mm in gravity and vertical deformation, respectively, for the predictions of the Ocean Tide Loading Provider using seven different global ocean tide models. In contrast, these RSS amount to only 0.7 nm s −2 and 0.14 mm for the two alternative predictions that include the SEAT model in addition to two different global tide models. This indicates the importance of the incorporation of the regional load model component in the computation of precise tidal loading effects for the AGGO site. The bias resulting from the neglect of the tidal regime in the estuary is more pronounced for the gravity effect than for the vertical deformation. The consistency found among the different global ocean tide models considered here suggests, on the other hand, that the specific choice of the model used to represent the ocean's far-field contribution is of minor importance.
The regional tide model SEAT, and thus the derived tidal loading signals, are not error-free. We used unpublished pressure tide gauge records of six months duration at six offshore locations in the estuary to assess the uncertainty of the tide model and its impact on the tidal loading parameters. These locations cluster within 5 km from the Argentine bank between Buenos Aires city and the AGGO site and were not included in the compilation of the SEAT model. The differences between the observed tides and the predictions of SEAT, averaged over the six sites, yield a RSS of 5.7 cm for the nine constituents considered in this work. We averaged the deviations of SEAT from the observed tides for each constituent individually over the six tide gauge locations and applied them as constant "corrections" all over the estuary (SEAT model domain). This yields changes in the ocean tidal loading parameters that sum up to RSS of 0.48 nm s −2 and 0.18 mm for the gravity change and vertical deformation, respectively. This difference is comparable to that implied by replacing the farfield contribution of a global ocean tide model when combined with the regional SEAT model (cf. columns 2 and 3 in Tables 3 and 4 ) and is much smaller (two orders of magnitude for gravity) than predictions relying on global models only. The distribution of our tide gauge sites does not provide a realistic picture of the performance of SEAT all over the estuary. Nevertheless, it samples the part of the estuary most relevant for tidal loading at AGGO. At the same time, this part close to the head of the estuary is that of the largest spatial gradients and variability and thus the most challenging for tide modelling. The broad waters closer to the mouth are expected to be less affected by interpolation and modelling errors [8] . In addition, the tidal parameters derived from the tide gauge records are subject to uncertainties, too, but this is not accounted for in our assessment. We therefore consider our uncertainty estimate as conservative.
Predictions of the Ocean Tide Loading Provider using the FES2004 global ocean tide model are in wide use in the field of GNSS data processing [2] . In most of the cases, daily position solutions are derived. We estimate that the difference between this prediction and our tidal loading model results in differences in daily mean vertical positions that vary over 20 years within ±0.08 mm. Table 3 also shows that the local load model contribution of the channels and dikes are negligible. Our maximum scenario estimate, assuming an undamped participation of these water bodies in the tidal signal in the estuary, yields contributions to the gravity and vertical deformation that remain within ±0.05 nm s −2 and ±0.02 mm, respectively. These numbers are, in fact, an overestimation, since water level observations at site A (Fig. 1b) revealed no tidal influence. A significant additional contribution from a propagation of the tidal signal through the groundwater from the estuary inland is not expected. We examined water level records from three groundwater gauges at different distances from the shore of the estuary. The sites are shown in Fig. 1 b (1-3) . In the groundwater variations at site 1, within 50 m to the shore, tides are observed. However, the groundwater signal is substantially damped even this close to the estuary with an M2 amplitude of 1.6 cm compared to 24.5 cm in open water. At the more distant groundwater gauges at sites 2 und 3, the tidal amplitudes do not exceed the overall noise level (i.e. 2 mm). The so-called tidal atmospheric loading adds to the ocean tidal loading effects presented in Tables 1 and 2 . Atmospheric loading originates, in fact, from radiative rather than gravitative forcing and is thus primarily effective on the harmonics of the solar day S1 and S2. According to the ATMACS model [9] this atmospheric loading effect on gravity (incuding the effect of atmospheric loading deformation on gravimetric observations) reaches amplitudes of 14.5 nm s −2 and 13.9 nm s −2 for the S1 and S2 constituents, respectively (Fig. 2, bottom) . These amplitudes exceed those of the ocean tidal effect on gravity (cf. Table 1). Apart from the solar day harmonics, the amplitudes of the predicted atmospheric loading remain below an almost constant level of 1 nm s −2 . In particular, except for S2, a significant alteration of the tidal loading parameters for the constituents presented in Table 1 from persistant atmospheric loading is not expected. Significant non-tidal atmospheric loading occurs with periods of a few days or more (Fig. 2, bottom) . Tidal atmospheric loading produces also vertical deformations with amplitudes of 0.84 mm and 0.72 mm for S1 and S2, respectively, according to the model of [19] . This is roughly an order of magnitude smaller than the ampli- Table 3 : Comparison of alternative predictions of tidal loading effects on gravity with respect to the model used in Table 1 . For each model, the root sum square (RSS) of the RMS of the common tidal constituents, the minimum (min) and maximum (max) difference of the particular model minus our model over a 20 years prediction interval and the RMS for each tidal constituent of the differences of the particular model minus our model are given in [nm s −2 ]. The first two models combine the regional SEAT tide model with the global ocean tide models TPXO.7.2 and EOT08a, respectively. The following seven models were retrieved from the Ocean Tide Loading Provider based on different global tide models without explicit treatment of the Río de la Plata estuary. The last model is identical to that presented in Table 1 tudes of the ocean tidal loading deformation reaching almost 5 mm for the M2 constituent. The tidal (ocean and atmospheric) loading is furthermore superimposed by non-periodic loads. In particular, storm surges usually related to south-easterly winds produce sporadic events of increased water levels in the upper reaches of the estuary that may exceed 3 m [27] . This is one order of magnitude larger than the tidal water-level variations in the estuary. However, this load is confined to a narrow area compared to the ocean tides which receive their largest contribution from the open Atlantic. The 6-hourly AOD1B GRACE de-aliasing product yields non-tidal atmospheric and ocean loading deformations for the AGGO site in the range of ±1.5 cm in the period 1993-2016.
Conclusions and outlook
The presented tidal loading model serves the community to correct the geodetic observation data to be generated at AGGO for the effects of ocean tidal loading. The comparison of our model with conventional predictions relying purely on global ocean tide models reveals the need to incorporate a regional tide model to account for the peculiar tidal dynamics in the Río de la Plata estuary. The tidal loading at the AGGO site is dominated by the tides in the Atlantic Ocean. Local contributions from the channels, dikes and groundwater are negligible. The ocean tidal loading effects are superimposed by tidal atmospheric loading on the S1 and S2 constituents, with amplitudes slightly larger than the ocean loading in the case of gravity and an order of magnitude smaller in the case of vertical deformation.
The determination of this model is, however, only a first step. Once observation data becomes available, especially from AGGO's superconducting gravity meter, this initial model is to be improved. Due to their superior sensitivity to loading signals, the gravity data ARE especially suited for an observational determination of the ocean tidal loading. Hence, the geometric observation techniques will also benefit from improved tidal loading corrections. In particular, gravity time series observed at AGGO will allow to expand the set of tidal constituents considered, which is at present predetermined by the global and regional tide models used in our computation. As the gravity data will accumulate continuously, it will allow us to include a growing number of additional tidal frequencies, depending on the observation record length, and thus to gradually complete the tidal spectrum.
In future, a comparison of observed tidal loading effects with our predictions will allow for a regional validation of the earth model employed in the modelling of these effects. Deviations from the rheological properties implied by the globally uniform Gutenberg-Bullen earth model have been reported from other regions [28] . Such a validation is thus of particular interest given the peculiarities of the geological and hydrogeological setting of the AGGO site. On the other hand, recent research has suggested nonelastic contributions to tidal loading effects [29] . This calls for further investigation towards its incorporation in the general computation procedure of loading effects and the applied earth models.
However, the significance of the conclusions of this validation will depend directly on the precision of the load model introduced in the prediction of tidal loading effects. In this context, we recommend the installation and operation of a new tide gauge in the immediate vicinity of AGGO.
